INTRODUCTION
Cysteine has been shown to be the source of sulfur for the biosynthesis of a variety of cofactors such as biotin, lipoic acid and thiamin (1) , as well as metallosulfur clusters in proteins (2) and thionucleotides in tRNA (3) . Despite identification of the source, the biochemical pathways for sulfur incorporation into these molecules remain elusive. A major advance in this area was the report by Dean and coworkers (4) that the NifS protein from Azotobacter vinelandii is a cysteine desulfurase that is required for the maintenance of the metallosulfur clusters in nitrogenase. A similar enzyme in E. coli, termed IscS, has been shown to mobilize sulfur from cysteine for the repair of the [4Fe-4S] cluster in apo-dihydroxyacid dehydratase (5). Zheng, et al have reported that many organisms contain iscS homologs in a gene cluster thought to be involved in the maintenance of [Fe-S] proteins (6) . Unsuccessful attempts to delete iscS in A.
vinelandii suggest that it is required for viability in that organism (6) .
Construction of Deletion Plasmid pID001
-Plasmid pID001 contains 1 kb of E. coli genomic DNA (500 bp each of the 5' and 3' flanking region) surrounding the iscS gene. In place of the iscS coding sequence, the plasmid contains a 33 bp tag sequence developed by the laboratory of G. M. Church for the generation of deletion strains in E. coli (19) . The deletion insert was constructed essentially according to the previously reported PCR method (19) . Primers (see Table 1 ) were chosen as suggested by computer analysis of the E. coli genome (20), with the exception of the N-terminal inside primer, Ni, which was changed to correspond to the correct start codon, which we and others have identified by N-terminal sequencing of IscS (5, 8, 21) .
Two asymmetric PCR reactions using E. coli genomic DNA as a template were performed, one using the No and Ni primers and the other using the Co and Ci primers. The concentration of the outside primers was 0.6 µM, whereas the inside primers were 10 fold lower in order to generate complementary overhangs for the next reaction. After 30 cycles, 1 µl of each reaction was combined in a single new 100 µl PCR reaction containing only the No and Co primers (0.6 µM each) and no additional template DNA. After 15 additional cycles, the desired band at 1.1 kb was purified on a 1% agarose gel followed by extraction with a Qiaquick column (Qiagen). The resulting fragment was digested with NotI and SalI, and after gel purification, was ligated into the NotI-SalI site of pKO3 and transformed by electroporation into electrocompetent E. coli
Isolation of iscS
-strain -A combination of the methods described by Kushner (22) and Church (19) was used to facilitate isolation of mutant strains that grow very poorly in rich media. After electroporation of plasmid pID001 ( were then picked separately into 3 ml of LB, serially diluted (10 -4 ) and plated onto LB/suc plates for plasmid release. A master plate of the LB/suc colonies was replica plated onto an LB/cam plate to identify colonies that had lost plasmid and were chloramphenacol sensitive (Cm S ). Several Cm S colonies were then grown overnight in 3 ml LB for isolation of genomic DNA.
PCR analysis of the genomic DNA was performed using primers that flanked the iscS gene. Mass spectrometry -The in vitro ThiS thiocarboxylation assay mixtures were prepared exactly as above except unlabeled cysteine was used. After incubation, samples were loaded onto a LC/MS system. HPLC was performed on vydac C18 column. The eluents were A: 0.5% TFA in water and B : 95% CH 3 CN in 0.5% TFA. A linear gradient from 1-99% B (flow rate 20 µl/min) was used for elution. The mass spectrometer (PE Sciex API 365) equipped with an Ionspray source was used for mass detection. Protein masses were deconvoluted using the Biospec reconstruct program. The error in the determined mass is ±1 per 5000 amu.
Measurement of Growth Rates-

RESULTS
Construction of the iscS
-strain-We used a method for the precise in-frame deletion of E. coli genes that was originally developed by Kushner, et al. (22) and recently modified by Church and coworkers (19) . The deletion insert was constructed using a two-step PCR method, which replaces the coding sequence of iscS with a 33 bp sequence ( Table 1 ) that codes for an innocuous peptide (19) . This in-frame insert is designed to prevent polar effects on downstream genes within the same operon. This concern is applicable to iscS since it is known to be located in a multicistronic operon (6) . The iscS deletion construct was ligated into plasmid pKO3 (19) , Screening potential deletion mutants by colony PCR can identify those cells that contain the desired deletion in the genomic DNA. However, we have found that deletion strains that grow poorly in LB/suc relative to the parent strain will be selected against at this stage and require the screening of many colonies before the desired mutant is found. This was true for the iscS -strain, which grows relatively slowly in rich medium. We found it more convenient to resolve the cointegrates using Kushner suspected that thiamin was also necessary for growth. However addition of thiamin to the minimal medium was insufficient for growth. Only after combined addition of nicotinic acid and thiamin was growth observed.
A significant lag phase relative to the parent strain was observed when the iscS -strain was switched from rich to minimal medium containing thiamin and nicotinate. Flint has reported (5) that IscS can repair the Fe-S clusters of apo-dihydroxyacid dehydratase (DHAD), an enzyme required for the biosynthesis of isoleucine and valine. Therefore, we measured the duration of the lag phase in the presence of these amino acids. Fig. 3B shows that the lag time relative to the parent strain is substantially reduced in the presence of isoleucine, and reduced further in the presence of both isoleucine and valine. This effect suggests that an enzyme involved in isoleucine/valine biosynthesis, possibly DHAD, is defective in the iscS -strain. No other amino acid had any observable effect. Interestingly, the exponential rates of growth are the same for both parent and mutant strains under all minimal medium conditions tested; however, it should be noted that this is a much slower rate of growth than in rich medium.
Complementation of the DE3 lysogen CL100(DE3)-Transformation of the iscS -DE3 lysogen CL100(D3) with a pET-derived IscS expression plasmid, pCL010 (see Table 1 ), resulted in complementation of all of the observed phenotypic effects of iscS deletion. The growth rate of CL100(DE3)/pCL010 was equal to the parent MC1061 in rich medium in the presence or absence of IPTG, indicating that the uninduced expression of iscS in the lysogen is significant.
SDS gel analysis of cell extracts from the iscS -strain grown in the presence of IPTG show a large band at the correct relative mass of IscS (data not shown). CL100 was also fully complemented by a derivative of pKO3 that contains the E. coli iscS gene with the same flanking 500 bp regions as in the deletion construct.
The iscS gene is required for s 4 U biosynthesis in E. coli-Extracts from the parent and iscS -strains were assayed for tRNA sulfurtransferase activity. The iscS -extract contained significantly reduced activity (2.6% of parent strain extract). tRNA isolated from the iscS -strain grown in LB was analyzed for the presence of s 4 U. The UV/Vis spectra of tRNA from E. coli MC1061 (parent strain) shows a characteristic peak due to absorbance of s 4 U at 330-340 nm, while for the CL100 tRNA there is no evidence of a peak in this region. Complementation with pCL010, which contains wild type iscS, restores the absorbance in this region of the tRNA spectrum (data not shown). To further confirm the presence or absence of s 4 U, unfractionated tRNA isolated from each strain was digested to nucleosides as described (23). HPLC analysis of the tRNA digests (Fig. 4) shows clearly that the iscS -strain is completely devoid of s 4 U (Fig.   4B ). As predicted, tRNA from the complemented strain CL100(DE3)/pCL010 shows a peak for s 4 U in the chromatogram that is similar in magnitude to that of the parent strain (Fig. 4C) (Fig. 5B, lane 9) . In the absence of ATP, this sulfur transfer was reduced by more than 99% (Fig. 5C, lane 9) . This is in agreement with the report that ThiF requires ATP for adenylation of ThiS (16) . Interestingly, the presence of ThiI is not required in our assay, although ThiI is found to stimulate ThiS-COSH production seven-fold (Fig. 5B, lane 7 ).
Begley's group (unpublished work) also reported that, in contrast to the in vivo production of ThiS-COSH, ThiI is not required for the in vitro reaction (24) Similarly, we have previously reported that addition of ThiI increases the cysteine desulfurase activity of IscS by two-fold (15) .
Further evidence that IscS initiates sulfur transfer for ThiS-COSH synthesis is provided
by LC-MS analysis. Fig. 6A shows unreacted ThiS with observed molecular mass of 7312, which is within instrument error (± 0.02%) of the calculated MW of 7311 (16) . Fig. 6B shows the molecular mass of ThiS after reaction with ThiFI, IscS and the substrates Mg-ATP and cysteine. A relatively large peak with mass 7328 was observed, which is consistent with the predicted mass for ThiS-COSH. However, additional peaks with mass 7372 and 7448 were also observed. Fig. 6C shows the same reaction in the absence of ThiI. Again a peak consistent with ThiS-COSH (7327) is observed which is smaller than the ThiS-COSH peak in Fig. 6B . Peaks with mass 7372 and 7448 also decreased relative to the reaction containing ThiI (Fig. 6B) .
Repeating the complete reaction in the absence of cysteine results in the observation of only the peaks with mass 7372 and 7448 (data not shown). This suggests that these products are formed in competition with ThiS-COSH formation and are not derived by reaction with cysteine. At present, we have not identified these larger mass peaks. However, the observed cysteinedependent peak with mass 7328 (Fig. 6B) For the two pathways (Fig. 8) , the initial step is the mobilization of sulfur from L-cysteine by IscS, resulting in the formation of an IscS-derived cysteine persulfide (IscS-SSH). This S 0 is transferred from IscS-SSH to ThiI to give a putative ThiI persulfide (ThiI-SSH). Sulfur is then mobilized from ThiI-SSH and subsequently transferred to the activated uridine or ThiS adenylate (ThiS-COAMP) to give the product. We have found that IscS/cysteine can be replaced by millimolar concentrations of inorganic sulfide (data not shown). This suggests the possibility that nascent sulfide is produced in the ThiI active site for addition to an enzyme bound activated intermediate. We have previously shown that the thiol-specific alkylating agent I-AEDANS can abolish the tRNA sulfurtransferase activity of ThiI (15) . Thus, one or more of the cysteine residues in ThiI is required for s 4 U synthesis, which is consistent with the mechanism outlined in Although the iscS -strain shows significantly impaired growth relative to the parent strain in rich medium, we have found that the two strains have identical exponential growth rates in minimal medium. This is likely due to the much longer doubling time (180 min) observed for each strain in either M9/glucose or M63/glycerol medium supplemented with leucine. It is likely that the activity of the enzymes affected by the iscS deletion is sufficient for the lower growth rate but becomes rate limiting during faster growth in rich medium. A similar effect was recently observed for an E. coli tufA -strain (40).
The growth delay observed when the iscS -strain was switched from rich to minimal medium was largely alleviated by the addition of isoleucine and, to a lesser extent valine. From earlier published work (5), we suspect that a partial explanation for the growth delay is a deficiency in the formation of Fe-S clusters in the Ile/Val pathway enzyme dihydroxyacid dehydratase. We are currently attempting to confirm this experimentally. Since the growth delay is not completely alleviated with Ile/Val, there are likely other pathways affected. A gene expression analysis of the isc gene cluster also suggests that iscS is involved in the synthesis of a wide variety of Fe-S proteins (39). In addition, it has been recently reported that inactivation of iscS affected Fe-S cluster assembly in ferredoxins (36).
The iscS -strain also requires nicotinic acid for growth in minimal medium. This requirement has precedence, since in B. subtilis, an nifS gene is required for the biosynthesis of NAD (30) . The proposed target of the nicotinate deficiency is quinolinate synthetase (NadA), one component of a system that condenses L-aspartate and DHAP to give quinolinate (30) .
Interestingly, this enzyme and dihydroxyacid dehydratase are both Fe-S enzymes known to be inactivated by hyperbaric oxygen (31, 32) .
E. coli contains three genes with homology to nifS. In addition to iscS, these are cysteine sulfinate desulfinase (CSD) (33) and csdB (34) . The csdB gene is identical to sufS, which was found to be required for the stable maintenance of the [2Fe-2S]-containing Fhuf protein in E. coli (35). Each of the three proteins has been purified and shown to catalyze the desulfuration of cysteine and the deselenation of selenocysteine with varying efficiency. CsdB shows significant selectivity for selenocysteine and the recently reported crystal structure (36) reveals fundamental differences in structure compared to that predicted for IscS. CSD and CsdB (SufS) have been grouped separately from IscS based on amino acid sequence homology (34) . We have found no obvious phenotype for deletion of CSD or csdB, 2 although it has been reported that sufS mutants cannot utilize ferrioxamine B as an iron source (35). In addition, the overexpression of either CSD or CsdB in an iscS -strain, CL100(DE3), does not complement any observed characteristics of the iscS -phenotype.
substrate specificity. In addition, all of the cysteine residues of CSD have been mutated with little effect on the cysteine desulfurase activity (33) , suggesting that CSD functions by a different mechanism than IscS. The dashed arrows indicate interactions that are proposed or for which evidence is found in vitro. This article cites 0 references, 0 of which can be accessed free at
